, Joseph Bruno Bidin Brooks 1 Degenerative diseases of the central nervous system (CNS) are characterized by neuron loss and brain and/or spinal cord atrophy. Neurological disability reflects this tissue loss, which must be avoided by all possible means 1 . Multiple sclerosis (MS) research has focused on neuron loss, and treatment of this disease has aimed at controlling its long-term degenerative consequences. For a while, MS was considered to be mostly an inflammatory disease of the white matter, and clinical trial outcomes were directed towards controlling acute demyelinating relapses. More recently, the outcomes of trials have shifted towards increasing the length of time for which patients remain free from physical disability and cognitive dysfunction, since these are the real goals of successful therapies 2 . As we learn more about the disease and the potential ways in which we can positively modify the quality of life of our patients, our demands increase. We now want to avoid all evidence of disease activity and, therefore, decreasing neurodegeneration is an extremely important goal in disease control. "No evidence of disease activity" (NEDA) has become part of the neurologist' s vocabulary regarding MS treatment 1, 2 . One additional criterion for NEDA is deceleration of brain atrophy, the hallmark of neurodegeneration in MS 3 . Thus, NEDA-4 would comprise complete control over relapses, disability progression and lesions on magnetic resonance imaging (MRI), together with levels of brain atrophy compatible with those found in the healthy population 4 . Effective treatments for MS can positively interfere with the rate of brain atrophy
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, which is consistent with our overall aim of the best possible disease control for our patients with MS.
Although we all want to achieve the same goals, the ways of measuring them are far from resolved. Is a mild, non-incapacitating, short-lasting relapse acceptable in NEDA? Is delayed gadolinium-enhancing assessment required as a measurement to confirm that there is no activity on MRI? Should disability assessment include measurements other than the Expanded Disability Status Scale
6
? Does one need to have a specific qualification to assess the Expanded Disability Status Scale, in order to be sure that the patient has reached NEDA? All of these questions are relevant when discussing NEDA. However, with the increased need to control degeneration of the CNS, perhaps the most important question now is "How can we measure brain atrophy in order to assess NEDA-4?" Hundreds of papers, websites and talks discuss the tools for measuring brain atrophy and the importance of integrating this parameter into our daily practice. Are we ready to switch treatments because a patient with MS has not reached NEDA-4? Should we wait and perhaps face patient disabilities because we missed the best moment for drug escalation?
The present paper critically reviews some aspects of volumetric assessment of the brain, of which neurologists need to be aware. All authors individually and comprehensively reviewed each of the aspects listed below in PubMed, Medline, LILACS, SciELO and Google Scholar. The final text was created with full agreement of all authors.
EQUIPMENT
The MRI equipment used for the patient's assessment may influence the results of brain atrophy measurements
.
At present, there are dozens of manufacturers producing and commercializing MRI machines (Philips, Siemens, General Electric Healthcare, Fonar, Bruker Biospin, Hitachi Medical Systems of America, Inc., Varian and Toshiba Medical Systems are some of them). Inter-scanner variability should always be taken into consideration when longitudinal examinations are carried out on patients with MS. In fact, two machines of exactly the same model and field strength can also provide results that are significantly different regarding total and regional brain volumes 8 . The morphometric aspects of CNS tissue may be influenced by several instrument-related factors other than scanner manufacturer, such as field strength, imaging magnetic gradients, pulse sequence, coil, number of acquisitions and data processing 9, 10, 11, 12 . Intra-and inter-scanner variability may be remarkable: for the same subject, the variability of total brain volume can be 1.4% in the same scanner and 10.5% in different scanners 13 . Even upgrading an MRI machine can lead to significantly different assessments of regional grey matter volume 14 .
Artifacts
It is of essence to establish very clear protocols for MRI scanning of the patient. Artifacts caused by small changes in head or body position may lead to magnified changes in brain volume measurements. Thickness of grey matter, for example, can be greatly affected by head motion 15 . Inconsistent MRI positioning of subjects is common in clinical trials and in daily practice, particularly along the magnet's long Z-axis 16 . The lack of very clear protocols and normative ranges in MRI clinics may influence the results from patients with MS that we use for our assessments
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. Even small differences in positioning the patient along the magnetic isocenter can significantly decrease the accuracy of morphometric assessments of brain volume 16 .
Pseudo-atrophy and inflammation
Pseudo-atrophy is another important point for discussion. For example, patients starting treatment for MS may have inflammatory activity associated with edema of the white matter, and subsequent MRI scanning may suggest that atrophy has occurred when this inflammation subsides 18 . The increase in Virchow-Robin spaces, identifiable on MRI among patients with MS in less active phases of the disease, may be a confounder for those who are not aware of this fact The definitions and the limits of "recent relapse" and "subclinical aggressive disease" are not at all clear at present as guides for the correct time at which to use volumetric MRI.
Drugs and concomitant diseases
If the patient takes antipsychotic drugs, the brain volume may decrease faster 22 , while those taking paroxetine 23 or lithium 24 may have enlargement of deep grey matter structures. Obstructive sleep apnea may be correlated with severe loss of brain tissue that can be reversed through treatment 25 . In fact, many of the conditions that might affect brain volume are still being identified.
Neuron loss and grey matter thinning
It is always important to keep in mind that not all measured brain volume loss consists of neuron loss, and not all areas depleted of neuron cells are necessarily shrunk. In fact, neurons account for only 10% to 20% of all cells in the cortical grey matter of the brain, which is mainly populated by glia 26 .
Even the most precise means of measuring grey matter volume would be assessing at least 80% glia, rather than neurons.
Hydration
The level of hydration influences brain volume and function 27 . A session of physical activity without drinking water can cause significant changes in brain morphometry in healthy subjects 28 . Automated longitudinal voxelwise analysis methods such as SIENA are sensitive to expansion of ventricles, depending on liquid distribution in the CNS
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. In fact, excessive drinking of water or thirsting for a few hours can affect the brain volume to levels that exceed the expected normal aging rate of atrophy 29 . The state of hydration can affect measurements of grey matter, white matter and ventricle volume, to levels that are comparable to those reported in the initial stages of Alzheimer's disease
30
. The changes in brain volume between states of dehydration (overnight without drinking water) and hyper-hydration (drinking 1.5 liters of water) were, on average, 0.36% in a recent study 31 .
Time of the day
Diurnal fluctuations in brain morphometry also need to be taken into consideration. Brain volume is greater in the morning and the brain parenchymal fraction was found to change significantly in patients with MS, depending on the time of day that the MRI was performed
.
Not only is the time of the day relevant, but also the period of the menstrual cycle may be of importance. Women present with a significant grey matter volume peak and cerebrospinal fluid loss at the time of ovulation 33 . Considering that MS is a typical disease in females of fertile age, this observation may be of importance in assessing brain atrophy in patients with MS.
Platform and tools
The current measurement of brain volume is the core question in brain atrophy. Even if an examination is totally corrected for a specific type of MRI machine; even if the position of the patient is perfect; and even if the time of day, time of the month and hydration are adjusted using a perfect MRI protocol, the questions regarding the best manner of assessing brain volume on the scanned image would remain.
Many platforms and tools are now available for assessing brain volume, and many more will be developed in the near future. Some are manual, others are automated, and yet others, semi-automated. Some can analyze individual scans, while others require longitudinal follow up of MRI examinations before volumetric data are available. Among the platforms and tools most used for assessing brain volume are the brain parenchymal fraction, Freesurfer, NeuroQuant, Structural Image Evaluation using Normalization of Atrophy (SIENA) and MSMetrix. Variations of up to 3.8% in volume measurement of grey matter were observed among six different tools due to their specific protocols regarding segmentation 34 . Segmentation can be totally or partially automated and this affects results
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. Manual editing of data showed significantly better correlation between grey matter thickness in MRI and postmortem samples than did fully automated techniques 36 . A short discussion on the evidence that these tools provide for assessing the brains of patients with MS follows below, considering each tool individually.
Brain Parenchymal Fraction: This is defined as the ratio of brain parenchymal volume to the total volume within the brain surface contour. The brain parenchymal fraction uses automatic segmentation algorithms that are checked by experienced radiologists. It is time-consuming and the ratios relating to grey matter, white matter and cerebrospinal fluid volumes are calculated individually. The software has been in use since the 1990s. There are few papers reporting on the brain parenchymal fraction for patients with MS, and they typically discuss data on small numbers of cases 37 . Fully automated software tools like SyMap with principles similar to those of the brain parenchymal fraction are now being studied in relation to MS
.
Freesurfer: This is a freely available tool that can be used to assess brain volume in cross-sectional or longitudinal studies. The method has been used in some clinical trials and ad-hoc publications 39 , and the data on MS included many patients. However, the tool is complex to learn and to use in daily practice, and uploading data on the platform is excessively timeconsuming
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. Freesurfer is mostly used only in research. NeuroQuant: This has been used in many studies on cognitive disorders and dementia, but few data on MS have been published using this tool 41 .
Structural Image Evaluation using Normalization of Atrophy (SIENA):
This is the software that has been most used for assessing brain volume in MS, and it has been used in clinical trials and in research centers of excellence 4 . The SIENA estimates the percentage brain volume change between two input images of the same subject, produced at different points in time, while the SIENAX version can assess cross-sectional data
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.
MSMetrics: This is a newer program, described as a reliable automated method for lesion segmentation, independent of the use of an MRI scanner or acquisition protocol 43 . The MSmetrix does not require manual interface and/or training and seems to be more accurate than SIENA when different field strengths are used 44 . When MSMetrics, SIENA and NeuroQuant are compared, the level of discrepancy among them varies from 1% to 5.5% 41 . There are very few studies on brain volume in MS using this tool, which requires a private license for use.
DISCUSSION
It is common knowledge that neurons should be spared at all costs. Any disease that leads to neuron death may render the patient subject to severe and permanent disabilities. In MS, treatments that control acute relapses improve the long-term prognosis of the disease 45 , and treatments that decrease the brain atrophy rate may also be important for the prognosis of MS 46 . Longitudinal assessments on patients with MS are important for identifying subclinical disease activity. Irrespective of the signs and symptoms of acute demyelination, an increased lesion load observed on MRI suggests that the disease is not under control. In the presence of new lesions in T2, and particularly in the presence of gadolinium-enhanced lesions in T1, it is common knowledge that MS is active at a subclinical level. Therefore, with the present knowledge, all neurologists aim to achieve the best possible control over relapses, disability progression and lesions on MRI. This triad is known as "no evidence of disease activity", or NEDA, for short. Despite criticism of the choice of wording 47, 48, 49 , all neurologists and patients aim to reach NEDA in MS. More recently, addition of a fourth criterion within NEDA has brought about discussion of NEDA-4, i.e. NEDA plus decreased rates of brain atrophy.
While the principle of NEDA-4 is honorable, it is worrying to observe that patients are having their medications switched because they have not achieved NEDA-4, or are being reassured that their disease is under complete control. How sure are we of brain atrophy measurements? With so many parameters that must be controlled in order to make morphometric assessments of the brain, can we accept NEDA-4 as the ultimate aim in MS therapy? Recent and methodologically sound data suggest that estimation of brain atrophy in patients with MS is only possible after several years of longitudinal observation 50 . In real-life medical practice, the methodological and technical confounders make it difficult to use brain atrophy measurements in their present form, for guiding therapeutic decisions 51, 52, 53 . Data from patients enrolled in clinical trials come from very rigorous protocols: the equipment, the researchers, the assessments, and the whole protocol for data acquisition and interpretation are strict. The same cannot be said for daily medical practice, where patients do not necessarily go to the same image clinic or are not seen by the same doctor year after year. Can we really talk about NEDA-4 as the ideal outcome for MS treatment in the real world?
An acceptable rate of brain volume loss for an aging healthy adult is of the order of 0.4% per year, and values higher than this are now considered to be red flags for the therapeutic success of a treatment for MS 4 . Recent papers have suggested that therapeutic decisions to implement drug switching may be made if the rate of brain atrophy is high in MS
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. We, the authors of the present paper, do not agree with this. At present, the variations among protocols used for measuring brain volume go from 0.3% to 5.5%. A study on teriflunomide that showed that this drug had no effect on brain atrophy, showed reduced rates of brain atrophy when another platform was used for brain morphometry 55, 56 . The same two platforms that gave these different results for teriflunomide (brain parenchymal fraction and SIENA) were considered to be the only reliable tools for assessing brain volume in a recent meta-analysis in which all the results from both of them were pooled 57 . If grey matter is the subject of investigation, variations are wide among methods used for analyses 35, 36, 37 , and several years of follow up may be necessary for conclusions 50 . On the other hand, cortical atrophy in MS occurs largely in a non-random manner and seems to affect distinct anatomical areas 58, 59 . It is essential to continue to study and to improve our understanding.
In conclusion, it is of paramount importance to discuss and to understand the advantages and limitations of brain volumetric studies in MS. In the future, volumetric studies in the CNS of patients with MS may help guide treatment. However, at least for the time being, therapeutic decisions based upon brain atrophy should be taken with a pinch of salt.
